Manganese (Mn) is a common neurotoxicant associated with a clinical syndrome that includes signs and symptoms referable to the basal ganglia. Despite many advances in understanding the pathophysiology of Mn neurotoxicity in humans, with molecular and structural imaging techniques, only a few case reports describe the associated pathological findings, and all are in symptomatic subjects exposed to relatively high-level Mn. We performed an exploratory, neurohistopathological study to investigate the changes in the corpus striatum (caudate nucleus, Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
putamen, and globus pallidus) associated with chronic low-level Mn exposure in South African Mn mine workers. Immunohistochemical techniques were used to quantify cell density of neuronal and glial components of the corpus striatum in eight South African Mn mine workers without clinical evidence of a movement disorder and eight age-race-gender matched, non-Mn mine workers. There was higher mean microglia density in Mn mine workers than non-Mn mine workers in the globus pallidus external and internal segments [GPe: 1.33 and 0.87 cells per HPF, respectively (p=0.064); GPi: 1.37 and 0.99 cells per HPF, respectively (p=0.250)]. The number of years worked in the Mn mines was significantly correlated with microglial density in the GPi (Spearman's rho 0.886; p=0.019). The ratio of astrocytes to microglia in each brain region was lower in the Mn mine workers than the non-Mn mine workers in the caudate (7.80 and 14.68; p=0.025), putamen (7.35 and 11.11; p=0.117) , GPe (10.60 and 16.10; p=0.091) and GPi (9.56 and 12.42; p=0.376) . Future studies incorporating more detailed occupational exposures in a larger sample of Mn mine workers will be needed to demonstrate an etiologic relationship between Mn exposure and these pathological findings.
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Introduction
Manganese (Mn), an essential trace element, physiologically acts as a cofactor for multiple enzymes, including pyruvate carboxylase and Mn superoxide dismutase (Bowman et al. 2011; Milatovic et al. 2009; Sidoryk-Wegrzynowicz et al. 2009 ). When ingested, Mn is tightly regulated and excreted in the bile; however, when absorbed through the respiratory tract, this homeostatic regulation is bypassed (Teeguarden et al. 2007a; Teeguarden et al. 2007b) . The original reports of workers exposed to very high levels of Mn described workers with an atypical parkinsonian phenotype, including dystonia, early gait impairment, behavioral dysfunction, and cognitive impairment (Couper 1837; Rodier 1955; Wang et al. 1989) . However, modern occupational exposures are an order of magnitude lower than these historical exposures, and the resulting clinical phenotype appears to be substantially different (Rodier 1955; Racette et al. 2012; Racette et al. 2005; Flynn and Susi 2010; Cooper 1984; Liu et al. 2011; Hobson et al. 2011) . Clinical-pathological studies provide the most definitive pathophysiological data to explain the observed phenotypic differences between past and current exposures to Mn. However, these studies are very difficult to conduct due to limited access to neuropathology expertise, long periods between working in an occupation where Mn exposure occurs and time of death, and reluctance of families to pursue autopsies.
To the best of our knowledge, since the first clinical description of manganism in 1837, only eight gross neuropathological examinations have been reported in subjects with high occupational Mn exposures (Couper 1837; Rodier 1955; Ashizawa 1927; Canavan et al. 1934; Casamajor 1913; Stadler 1936; Trendtel 1933; Yamada et al. 1986 ). Seven of these were qualitative histopathological examinations without immunohistochemical preparations. A 1913 report described a symptomatic Mn separating-mill worker with normal gross neuropathology, but no histopathological examination was performed (Casamajor 1913) .
From 1927 to 1954, four case studies were reported, having undergone qualitative histopathological examination: a symptomatic brownstone miller with neuronal loss in the globus pallidus and an intact substantia nigra; a symptomatic dock worker with neuronal loss and concomitant gliosis of the corpus striatum; a symptomatic brownstone miller with putaminal and pallidal neuronal loss and gliosis with preservation of the substantia nigra; and a symptomatic brownstone miller with significant neuronal death in the globus pallidus with a grossly well-pigmented substantia nigra (Ashizawa 1927; Stadler 1936; Parnitzke K. 1954; Trendtel 1936) . In the only Mn neuropathology study that included a reference subject for comparison, a 55-year-old male mill worker with manganism demonstrated gross atrophy of the basal ganglia and compensatory ventriculomegaly compared to a 55-year-old woman who died of tuberculosis (Canavan et al. 1934) . Histopathological comparison revealed greater density of glia and neurons in the caudate and lenticular nuclei in the mill worker. However, this study preceded the current availability of more precise immunohistochemical methods. Subsequently, post mortem gross examination of a 67-yearold woman exposed to manganese dioxide as a battery factory worker, who developed manganism, revealed atrophy of the pallidum as well as microscopic cortical, rubral, and striatal astrogliosis with spotty degeneration of the substantia nigra pars compacta and occasional nigral Lewy bodies (Bernheimer et al. 1973) . The most recent histopathological report described a symptomatic Mn ore-crushing factory worker with gross atrophy and discoloration of the globus pallidus as well as histopathological evidence of neuronal loss, a moderate increase in astrocytes in the corpus striatum, and normal substantia nigra (Yamada et al. 1986 ).
Despite recognition of an Mn neurotoxicity syndrome for nearly 200 years, very few post mortem neuropathological studies in humans with documented Mn exposures have been reported in the literature. These reports comprise qualitative post-mortem histopathological evaluations which lack quantitative data, with the exception of one case report, or immunohistochemical/immunofluorescent evaluations. While these reports provide some insight into the neuropathological effects of Mn exposure, they ultimately describe the endstage changes of the Mn neurotoxicity syndrome that is rarely, if ever, seen in modern times. In order to address a critical need in the Mn neurotoxicity literature, we designed and implemented a cross-sectional exploratory neuropathological study of the corpus striatum in Mn and non-Mn mine workers in The Republic of South Africa, which contains over 80% of the world's Mn reserves.
This study is the largest neuropathology series of Mn exposed individuals, the first study to evaluate the neuropathology of chronic low-level exposure, and the first quantitative histopathological/immunohistochemical study using a carefully matched reference group. Pathological characterization of the pre-clinical stage of chronic low-level exposure in human tissues is important for further disease characterization, biomarker discovery, and therapy development.
Methods

Sample Acquisition
This study was approved by the Washington University Human Research Protection Organization (Saint Louis, MO, USA) and the University of the Witwatersrand Human Research Ethics Committee (Republic of South Africa; RSA). Under the Occupational Diseases in Mines and Works Act of the RSA, deceased mine workers have the right to a cardio-pulmonary autopsy, regardless of the cause of death, on condition that consent is provided by the next of kin (Myers et al. 1987) . The families of deceased mine workers are eligible for financial compensation for specific mining-related pulmonary diseases. We built on this existing program by using a regionally-based occupational health nurse to recruit potential brain donors from Mn and other mines. The Mn mines are located in a remote region of South Africa in the Northern Cape Province close to the Botswana border. There are several Mn mines located in close proximity to each other as the economically viable Mn field covers an area of approximately 35 km × 15 km (Gutzmer 1996) . The subjects in this study were employed by various mines in this region.
Upon notification of the death of a mine worker, the occupational health nurse consented and interviewed the next-of-kin. The brain specimens were suspended in 10% neutral buffered formalin for a minimum of three weeks, after which they were shipped to Washington University for ex vivo MRI imaging, and then to the University of Washington (Seattle, WA, USA) for pathological analysis. Investigators performing the cell density examinations, immunohistochemical stains, and cell density quantifications were blinded to exposure status.
Brain Specimen Processing and Examination
At the University of Washington, a certified neuropathologist performed an external gross examination, including assessment of cerebral cortical atrophy. The cerebrum and posterior fossa contents were embedded in a 3% agar solution and sliced coronally and axially, at 4 mm intervals. A standard gross examination was undertaken, including an assessment of atrophy or discoloration of the corpus striatum and degree of pigmentation of the substantia nigra and locus coeruleus. Tissue sampling of several brain regions was performed, including but not limited to, bilateral cortices, hippocampi, basal ganglia, midbrain, pons, and cerebellum. These samples were processed for 24 hours in an automated tissue processor and were subsequently embedded in paraffin wax to produce formalin-fixed paraffin embedded (FFPE) tissue blocks.
Immunohistochemistry
FFPE tissue blocks were sectioned with a microtome producing 4 μm thick tissue sections which were placed on positively-charged glass slides. Deparaffinized rehydrated slides were stained with hematoxylin and eosin (H&E) to examine morphology and to note any neurohistopathological changes. Utilizing previously optimized conditions, automated immunohistochemistry was performed on tissue sections from the basal ganglia, using a Leica Bond III Fully Automated IHC and ISH Staining System (Leica Bio-Systems, USA). Mouse monoclonal antibodies for glial fibrillary acidic protein (GFAP) (Dako, USA) to label astrocytes, microtubule associated protein-2 (MAP-2) (Millipore USA) to label neurons, and CD68 (Dako, USA) to label macrophages and microglia, were diluted with the Leica Bond Primary Antibody Diluent (Leica Bio-Systems, USA) at 1:150, 1:1,500, and 1:8,000, respectively. For GFAP and MAP-2, an epitope retrieval step consisting of citrate buffer at 98°C for 20 minutes (pH 5.9-6.1) was performed. For CD68, the epitope retrieval step consisted of 20 minutes EDTA-TRIS buffer (pH 8.9-9.1). The final step included the Bond Polymer Define Detection System (Leica Bio-Systems, USA), which includes endogenous peroxidase blocking, anti-mouse secondary antibody, and a streptavidin-biotin immunoenzymatic antigen detection system. The slides were then counterstained with Gill's hematoxylin. Appropriate positive and negative controls were included with each antibody run.
Cell Density Study
FFPE tissue blocks corresponding to a unilateral, coronal section of the corpus striatum were selected at the level of the interventricular foramen immediately posterior to the genu of the internal capsule on which both the globus pallidus external segment (GPe), and globus pallidus internal segment (GPi) were present, alongside the caudate and putamen. The regions of interest of the caudate, putamen, GPe, and GPi were delineated on the glass slides. Blinded observers were trained for each different cell type/antibody stain and taught the histological criteria, by a board certified neuropathologist. The training period also included supervised counting to assess for reproducibility and offer feedback about appropriate use of the histological criteria for each antibody. One observer counted the four regions only for GFAP and CD68 whereas the other observer counted the regions for MAP-2.
In each region, in addition to immunoreactivity, histological criteria were also utilized to classify different cell types, specifically: 1) astrocytes -cytoplasmic and GFAP immunoreactive processes and typical round nuclear morphology; 2) microglia -CD68 immunoreactive dot-like small thin processes and CD68-immuno negative nuclei along with cylindrical/amoeboid morphology; 3) neurons -cytoplasmic MAP-2 immunoreactivity as well as vesicular nuclei and/or nucleoli. CD68 antibody stains macrophages in addition to microglia. Therefore, when counting microglia, in addition to CD68 positivity, we also considered the morphology of the cells, i.e. microglia contain cytoplasmic processes characteristic of ramified or amoeboid microglia, whereas macrophages typically are foamy and with hemosiderin. To this end, these macrophages were rarely present.
For each subject, the four regions of interest (caudate, putamen, GPe, and GPi) were assessed with the aid of three different antibodies (GFAP-astrocytes, MAP-2-neurons, CD68-microglia). Using the aforementioned histological criteria, assessment consisted of counting the immunoreactive cells twice. Each "count" comprised 10 non-overlapping high power fields (HPF), totaling 20 non-overlapping HPFs per antibody per region per subject. HPF is defined as the field of view on a 40× objective [in this case performed with a BH45 light microscope (Olympus, Japan), corresponding to a field diameter of 550 μm]. From these counts, the average number of immunoreactive cells was calculated for one HPF per region for each subject. For one subject, fewer than 20 HPF were available; therefore, 10 HPF were counted on the slides for GFAP and CD68.
Exposure Assessment
Upon notification of the death of a mine worker, and after obtaining consent from the next of kin for the removal of the brain and cardio-respiratory organs, the occupational health nurse interviewed the family to obtain occupational and medical histories. During the consent process, permission to access the deceased mine worker's medical and employment records was also requested to verify the accuracy of the historical information. All mine workers undergo an annual employee medical examination. Medical charts were reviewed by the occupational health nurse. An industrial hygienist reviewed the occupational history and employment records and assigned a duration of Mn exposure in years (henceforth called "exposure years") to each subject when sufficient data were available. Although no Mn exposure data are available for these particular mine workers, measurements from two South African Mn mines, taken over a four-year period and averaged for particular mine jobs, ranged from 0.19-0.78 mg/m 3 (Myers et al. 2003) . The average intensity of exposure (cumulative exposure index/length of service in years) was 0.21 mg/m 3 with an upper limit of 0.99 mg/m. 3 Earlier historical measurements are, unfortunately, not available. The Mn content of the rock in this area varies from 20 to 60% (Preston 2001) . The use of duration of exposure in lieu of cumulative exposure is not unusual in occupational epidemiology, and has been demonstrated to be methodologically and statistically sound in certain instances. Thus, we believe that using duration of employment in the Mn mines is an acceptable surrogate for exposure in this study.
Statistical Analysis
Since this was an exploratory study, we did not correct for multiple comparisons, in order to ensure that we identified any trend in cell density differences to guide future studies. We compared mean cell counts per HPF in Mn and non-Mn mine workers, using a two tailed ttest. Spearman's correlations were performed to compare exposure years and cell counts. Dichotomous variables were compared using chi-square tests. Statistical significance was set at 5%.
Results
Using the recruitment methods described above, we received brains from 28 male mine workers. All 28 brains underwent a general gross examination by a board certified neuropathologist, and those with evidence of significant maceration or putrefaction were excluded from the analysis (n=12). The remaining 16 brains were histologically assessed to evaluate architectural integrity. Eight Mn mine workers and eight age-matched non-Mn mine worker reference subjects, with brain tissue of suitable quality to perform neuropathological and immunohistochemical examinations were included in the study. The demographic characteristics of the mine workers, and their work histories, causes of death and disease status are shown in Tables 1 and 2 . Review of the medical records indicated that none of the subjects had parkinsonian symptoms or any other neurological conditions. Gross neuropathological examinations did not reveal any evidence of pathologically relevant cortical or striatal atrophy, pallidal discoloration, depigmentation of the substantia nigra and/or locus coeruleus. Conventional histologically stained sections of the regions of interest as well as those from the frontal cortex, temporal cortex, hippocampus, and cerebellum did not reveal any definite evidence of HIV encephalitis (including perivascular multinucleated giant cells or microglial nodules), stroke, demyelination, or a neoplastic process. Two subjects in the non-Mn mine worker reference group had lacunar infarctions that were not present on the side and/or at the level of the tissue sections studied.
Mn mine workers had lower mean astrocyte densities in the caudate and putamen [9.85 (SD 3.94) and 8.91 (SD 3.64) cells per HPF, respectively] than non-Mn mine workers [12.86 (SD 3.90), and 11.63 (SD 2.97) cells per HPF in the caudate and putamen, respectively] (caudate p=0.146, putamen p=0.125). Although the differences were not statistically significant, this represents a 19% lower astrocyte density in Mn mine workers, in both the caudate and putamen. The external and internal segments of the globus pallidus in the Mn and non-Mn mine workers had very similar astrocyte densities. Mn mine workers also had lower mean neuron densities in the caudate and putamen [16.50 (SD 6.79) (Figure 1b ). This represents a 14% and 8% lower neuron density in the caudate and putamen of Mn mine workers, respectively. Neuronal density in the GPi was higher in the Mn than non-Mn mine workers [2.05 (SD 0.81) and 1.28 (SD 0.39) cells per HPF, respectively; p=0.028)].
In contrast to neuronal and astroglial counts, Mn mine workers had higher microglial densities in both the external and internal segments of the globus pallidus than the non-Mn mine workers [1.33 (SD 0.55) and 1.37 (SD 0.75) cells per HPF, respectively for Mn mine workers, and 0.87 (SD 0.34) and 0.99 (SD 0.49) cells per HPF) respectively for non-Mn exposed mine workers]. These represent 52% and 38% higher microglial densities in the external and internal segments of the globus pallidus of Mn mine workers, respectively.
In all examined brain regions, the Mn mine workers had lower ratios of astrocytes to microglia compared to the non-Mn mine workers. The astrocyte to microglia ratio was significantly lower in the caudate in the Mn mine workers (7.80; SD 2.27) compared to the non-Mn mine workers (14.68 (SD 6.81), respectively, p=0.025). The other regions trended towards lower astrocyte to microglia ratios; GPe (10.60; SD 4.10 and 16.10; SD 7.51, respectively), putamen (7.35; SD 2.63 and 11.11; SD 5.81, respectively), and the GPi (9.56; SD 5.88 and 12.42; SD 6.64, respectively); however, these were not statistically significant.
We also investigated the association between cumulative years worked and cell density in the caudate nucleus, putamen, and internal and external segments of the globus pallidus in the Mn mine workers. Among the mine workers with detailed work histories (n=6), there was a significant correlation between microglial density in the GPi and years worked (Spearman's rho=0.886; p=0.019; Table 4 ). There was no correlation between age and years worked in the Mn mines. (Spearman's rho=0.371; p=0.468), suggesting that the correlation between microglial density in the GPi and exposure was not confounded by age.
Discussion
Previously, we demonstrated the feasibility of undertaking this novel occupational neuropathology program (Nelson et al. 2012) . The recruitment of a large number of deceased mine workers whose families were willing to donate their brains for neuropathological examination facilitated a carefully matched exposed/non-exposed comparison study. Previous neuropathological studies found neuronal loss and gliosis in subjects with symptomatic manganism, but these were mostly qualitative reports without controls, so the neuropathological "hallmarks" of symptomatic manganism remain speculative (Ashizawa 1927; Canavan et al. 1934; Stadler 1936; Trendtel 1933; Parnitzke K. 1954) . There are several important findings in this study. Quantitative histopathological cell density demonstrated a trend toward lower astrocyte and neuron density in the caudate and putamen as well as higher microglial density in the globus pallidus of Mn mine workers without neurological diagnoses, compared to non-Mn mine workers, although the trend was not statistically significant. Moreover, the ratios of astrocytes to microglia were lower in all brain regions assessed in Mn mine workers compared to non-Mn mine workers, suggesting that the pre-clinical stage of Mn induced neurotoxicity might be characterized by an inflammatory response to Mn deposition, followed by striatal injury to astrocytes which, in turn, may lead to disturbed homeostasis of the neuropil and to neuronal injury. This is consistent with the hypothesized mechanism behind restricted diffusion found in the striatum of Mn exposed welders on diffusion weighted MRI . A larger study using more precise cell counting methods is needed to confirm these findings.
While a larger sample size is needed to confirm these findings, we believe that the current study provides a unique perspective on the early pathological associations with Mn exposure. Increased signal in the globus pallidus on T1 MRI with normal signal on T2 is pathognomonic of Mn over-exposure Nelson et al. 1993) . The finding of greater microglial density in Mn exposed versus non-exposed subjects, and correlation with years of exposure suggests that Mn deposition induces a microglial response and that this signal may be due, in part, to an inflammatory response to tissue Mn deposition. Interestingly, we have previously shown that this signal can remain years after removal from the source of exposure, (Nelson et al. 2012 ) and microglial infiltration may underlie this signal change. Astrocytes express high affinity metal transporters capable of Mn transport, such as the divalent metal transporter (DMT1), allowing astrocytes to accumulate as much as 50-fold higher Mn concentrations than neurons (Filipov and Dodd 2012; Hazell 2002; Aschner et al. 1992) . Once inside astrocytes, Mn accumulates in the mitochondria where it inhibits oxidative phosphorylation, leading to increased reactive oxygen species production; it also promotes the secretion of various inflammatory mediators (Filipov and Dodd 2012; Aschner et al. 1992; Gavin et al. 1990 ). Neuronal toxicity associated with Mn exposure may be due to impaired astrocytic glycine uptake, leading to neurotransmitter dysregulation (Sidoryk-Wegrzynowicz et al. 2009; Milatovic et al. 2007 ).
Interestingly, the trends toward lower astrocyte and neuronal density in the striatum are probably occurring in the setting of exposures that are less than the Occupational Safety and Health Administration (OSHA) ceiling for inhaled Mn of 5 mg/m (Myers et al. 2003) . In fact, most mine workers in Myers et al.'s study, conducted in the same Mn mine region from which we obtained our neuropathological specimens, had exposures that were lower than the American Conference of Governmental Industrial Hygienists (ACGIH) permissible exposure limit of 0.2 mg/m (Myers et al. 2003 ). While we do not have exposure data for these mine workers, further study of Mn exposed mine workers in these mines, using highly sensitive pathological health outcome data, may permit exposure-pathology correlations that could redefine the allowable exposure thresholds. There is considerable evidence supporting cognitive, mood, and motor toxicity at Mn exposure levels within the OSHA and ACGIH exposure limits (Bowler et al. 2011; Bowler et al. 1999; Lucchini et al. 1999) . Clinical pathological correlations will be necessary to understand the pathophysiology of the clinical neurotoxicity and to determine if Mn neurotoxicity is associated with degenerative pathologies.
Recent data obtained from Mn exposed welders, using PET imaging with 6-[ 18 F] fluoro-L-DOPA (FDOPA), suggest that chronic exposure to Mn containing welding fume is associated with striatal pre-synaptic dopaminergic dysfunction (Criswell et al. 2011) . Interestingly, we found that the mean neuronal counts in Mn mine workers were 8% and 14% lower than in non-Mn mine workers in the caudate and putamen, respectively. The magnitude of the observed difference is consistent with the 10% reduction pre-synaptic dopaminergic function found in our welder study ). While the current study focused on the corpus striatum, the lower astrocyte counts may indicate that the presynaptic dopaminergic dysfunction found in Mn exposed welders may be secondary to terminal field neurotoxicity, possibly mediated through a loss of astrocytes. In fact, there is growing evidence that the sites of primary neuronal injury in degenerative basal ganglia disorders such as Parkinson disease are mediated through "dying back phenomena" (Choi et al. 2011; Galvin et al. 1999) .
As with any cross-sectional autopsy study, this study had notable limitations. First, the sample size was relatively small compared to large Parkinson and Alzheimer disease pathological series. However, the eight subjects reported here represent the largest group of Mn mine workers ever studied histopathologically. Our exploratory study demonstrates feasibility of obtaining diagnostically-viable tissue from this remote region of South Africa, and indicates that it is possible to conduct a large, definitive neuropathological study of chronic Mn exposure. A larger sample of Mn mine workers with more precise lifetime exposure reconstruction across a broader range of exposures will be needed to explore exposure-pathology relationships, especially with neurons and astrocytes. Similarly, the health outcome data available in this study were limited to information obtained at routine medical office visits and annual employee occupational health examinations. Efforts to improve the quantity and quality of the health outcome data in living Mn mine workers is ongoing, which will benefit future studies. Second, the finding of higher neuronal density in the globus pallidus is biologically uninterpretable and of unclear significance. Given that, in adult primates, neurons are terminally differentiated and thought not to divide, the findings of our study may be compromised by the limited sample size. While cell density studies may not be as precise as stereological counting, HPFs are units routinely used by pathologists and provide useful information in the clinical setting. The associations suggested in this study need to be confirmed, using a larger sample and more precise counting methods, using stereology techniques to reduce type II error. Nevertheless, this study provides critical data to inform future Mn neuropathology studies.
Conclusion
In summary, this exploratory occupational neuropathology study of the pre-clinical stage of chronic low-level Mn exposure demonstrates a trend toward lower astrocyte and neuron densities in the striatum and an inflammatory microglial response in the globus pallidus. Recruitment from this population has proven feasible and the tissue quality is suitable for pathologic analysis. We anticipate future studies using non-biased stereology to investigate the trends described above in Mn and non-Mn miner reference subjects. In addition, acquiring neuropathology from workers in whom we have detailed clinical examinations will permit clinical-pathologic correlation. Finally, ex vivo MRI imaging will be used to correlate tissue metal concentrations and pathology to identify imaging biomarkers of Mn exposure and neurotoxicity.
Highlights
• Mn exposure has been historically associated with a Parkinsonian syndrome • Our study analyzes brain region cell counts in Mn exposed workers (MEW) vs controls
• Years worked in Mn mines significantly correlated with microglial density in the GPi
• MEW had significantly lower astrocyte to microglia ratios in the caudate.
• MEW trended toward lower astrocyte and neuron densities in caudate and putamen [1965] [1966] [1967] [1968] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] 11.0 Miner's assistant 1952-1953, 1956-1957, 1972 2. GPe=globus pallidus external segment; GPi=globus pallidus internal segment
